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1  Executive  Summary 


This  program,  Microcavity  Development  for  the  Control  of  Erbium-Doped  Silicon  Lumi¬ 
nescence,  has  discovered  that  the  Si/Si02  materials  system  has  outstanding  promise  as  a 
medium  for  the  generation  and  confinement  of  light.  Materials  and  processing  methods  for 
the  fabrication  of  microcavity  devices  compatible  with  erbium-doped  silicon  (Si:Er)  were 
developed.  Light  guiding  in  highly  confining,  submicron  dimensioned  silicon  waveguides  was 
demonstrated  for  the  first  time.  This  program  has  provided  the  foundation  for  a  complete, 
submicron  scaled  silicon  integrated  optics  technology. 

The  objective  of  the  program  was  the  development  of  optical  devices  that  are  compatible 
with  the  well-established  processing  capability  of  Si  electronics.  This  compatibility  offers  a 
pathway  for  integration  of  fast  optical  interconnects  with  silicon  electronics  and  provides  a 
basis  for  horizontally  integrated  resonant  structures  such  as  microcavities.  The  large  index 
difference  of  the  Si/Si02  materials  system  (Anw2.0)  provides  for  high  confinement  of  light 
for  microphotonic  integration  at  submicron  length  scales. 

During  the  course  of  this  program  we  developed  submicron  cross-section  optical  waveg¬ 
uides  in  silicon,  as  well  as  microdisk  and  photonic  band  gap  (PEG)  microcavities.  The 
waveguides,  with  cross-sections  of  0.2x0.5/Lfm,  are  the  smallest  ever  measured.  We  have  cou¬ 
pled  light  into  these  small  structures  and  measured  both  the  materials  and  processing  related 
dependences  of  loss.  The  critical  parameter  for  controlling  losses  in  these  submicron  guides 
is  sidewall  roughness.  Light  emission  at  A=1.54/im  from  Si:Er  microdisks  was  measured  by 
cathodoluminesence  at  4K.  PEG  microcavities  were  fabricated  with  band  gaps  centered  at 
X—b-Ofim  and  A=1.54^m.  The  A=5.0/xm  devices  were  employed  as  input  and  output  waveg- 
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uide  couplers  for  light  of  A=1.54//m.  This  property  of  the  PBG  devices  provides  grating-like 
couplers  that  are  an  order  of  magnitude  smaller  in  size  than  typical  grating  coupler  devices. 
PBG  microcavities  at  A=1.54/xm  with  minimum  feature  sizes  of  0.10/xm  were  fabricated  us¬ 
ing  e-beam  and  x-ray  lithography.  An  evaluation  system  for  testing  the  throughput  of  the 
PBG  devices  as  a  function  of  wavelength  was  developed. 

Dimensional  control  is  critical  to  the  operation  of  both  the  microdisk  and  PBG  microcav¬ 
ities.  In  order  to  enhance  the  spontaneous  emission  rate  of  Si:Er  it  is  necessary  to  overlap  the 
resonant  mode  of  the  microcavity  with  the  Si:Er  luminesence  peak.  Analysis  of  the  microdisk 
mode  position  as  a  function  of  disk  radius  and  thickness  showed  that  the  overlap  requires 
exacting  tolerances.  We  developed  a  unique  test  structure  for  evaluating  the  mode  position 
that  does  not  rely  on  luminescence.  The  structure,  a  microdisk  coupled  to  waveguides,  can 
also  be  used  as  a  channel  dropping  filter  for  wavelength  division  multiplexing  applications. 

Silicon-on-insulator  (SOI)  technology  is  critical  to  the  development  of  planar  Si/Si02  op¬ 
tical  components.  The  design  of  planar  microcavities  places  constraints  on  the  buried  oxide 
and  top  silicon  layer  thickness  that  few  SOI  technologies  can  achieve.  We  developed  poly¬ 
crystalline  Si  as  an  alternative  light  confining  medium  that  is  free  of  the  process  constraints 
of  SOI  technology.  By  investigating  the  loss  mechanisms  in  polySi  we  reduced  the  optical 
losses  at  A=1.54/im  from  75dB/cm  to  15dB/cm.  Critical  to  the  reduction  of  the  losses  are 
control  of  the  surface  roughness  of  the  polySi  (which  was  found  to  contribute  40dB/cm  of 
loss)  and  passivation  of  the  dangling  bonds  in  the  material  (which  were  found  to  contribute 
20dB/cm  of  loss).  For  this  deposition-based  technology,  the  layer  thicknesses  of  both  the 
guiding  layer  and  the  buried  Si02  can  be  varied  appreciably,  and  multilayer,  vertically  in- 
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tegrated  structures  are  possible.  PolySi  is  ubiquitous  on  Si  fablines  and  has  the  additional 
advantage  that  it  removes  the  need  for  exotic  substrates. 

The  research  performed  in  this  program  has  pioneered  new  areas  of  research  that  allow 
the  miniaturization  of  optical  components  in  a  materials  system  compatible  with  standard 
silicon  IC  processing.  The  microdisk  and  PEG  cavities,  when  coupled  to  waveguides,  can 
act  as  filters,  signal  routers,  and  compact  gain  sections  for  integrated  laser  devices.  The  use 
of  a  high  index  difference  system  such  as  Si/Si02  allows  the  reduction  of  the  dimensions 
of  waveguides  and  associated  optical  components  to  the  submicron  range.  This  reduction 
in  size  provides  for  integration  of  higher  densities  and  greater  functionality  on  a  single  die. 
These  optical  device  dimensions,  on  the  scale  of  electronic  devices  of  Si  integrated  circuits, 
stand  at  the  gateway  of  an  integrated  optics  technology  that  is  not  limited  by  yield  or  the 
reduced  functionality  of  large  devices. 
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2  Introduction 


Erbium-doped  silicon  is  a  promising  light  emitting  materials  system  that  can  lead  to  the 
development  of  an  optoelectronics  technology  compatible  with  integrated  circuit  processing. 
The  emission  from  erbium  has  a  number  of  advantages:  emission  at  A=1.54^m,  which  is 
compatible  with  optical  fiber,  a  narrow  spectrum  (lOOA  at  300K),  and  no  dependence  of 
wavelength  on  temperature.  Light  emitting  diodes  have  been  fabricated  in  Er-doped  Si  and 
these  devices  have  been  operated  up  to  300K  with  measurable  optical  output.  However,  the 
emission  at  room  temperature  is  greatly  reduced  from  the  emission  at  cryogenic  tempera¬ 
tures.  The  temperature  quenching  that  occurs  is  linked  to  the  existence  of  fast  competitive 
non-radiative  recombination  processes.  Microcavity  devices  have  been  shown  to  allow  con¬ 
trol  of  radiative  emission  rates  and  the  focus  of  the  research  presented  here  is  to  develop 
microcavity  devices  in  silicon.  Two  microcavity  devices  were  developed:  microdisk  and  pho¬ 
tonic  band  gap  microcavities.  The  remainder  of  this  report  presents  the  physics  of  light 
emission  from  Er-doped  silicon,  the  operation  of  microcavity  devices,  the  development  of 
silicon  microcavities  and  the  control  of  erbium  emission  using  the  devices. 

2.1  Light  emission  from  erbium-doped  silicon 

Silicon  is  an  indirect  band  gap  semiconductor.  Optical  emission  from  an  indirect  band  gap 
material  requires  that  a  phonon  with  the  proper  momentum  be  available  when  an  electron 
moves  from  the  conduction  to  the  valence  band.  The  phonon  requirement  makes  light  emis¬ 
sion  in  silicon  a  low  probability,  three  particle  process.  Direct  band  gap  materials,  such  as 
GaAs  and  GaN,  require  no  phonon  for  the  transition  from  conduction  band  to  valence  band 
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making  light  emission  much  more  efficient.  Despite  the  indirect  band  gap,  several  successful 
methods  of  achieving  silicon  light  emission  have  been  devised.  These  include  doping  sili¬ 
con  with  isoelectronic  centers  [1],  making  porous  [2]  or  nanocrystalline  [3]  silicon  to  localize 
the  electrons  and  make  the  optical  transitions  behave  as  they  would  in  a  direct  band  gap 
material,  and  doping  silicon  with  erbium  [4].  Erbium  doping  provides  the  most  robust  and 
most  integrated  circuit  process  compatible  method  for  producing  efficient  luminescence  from 
silicon.  Erbium-doped  silicon  has  been  demonstrated,  by  our  group  [5]  and  independently 
[6],  to  produce  luminescence  at  room  temperature.  It  is  also  fully  compatible  with  exist¬ 
ing  silicon  integrated  circuit  fabrication  [5]  and  has  the  added  advantage  of  emitting  at  a 
wavelength  of  1.54//m.  This  wavelength  matches  well  the  low  loss  fiber  optic  window  at 
l.bSyLim  and  makes  erbium  doped  silicon  compatible  with  existing  fiber  optic  communication 
systems.  This  luminescence  occurs  between  core  levels  of  the  f-shell  and  is  therefore  largely 
independent  of  the  erbium  host  material  and  the  temperature. 

Erbium  can  be  incorporated  into  silicon  either  by  ion  implantation  or  by  doping  during 
growth.  In  either  case,  the  luminescence  is  greatly  enhanced  if  a  ligand,  such  as  oxygen,  is 
used  to  codope  the  silicon.  A  typical  spectrum  of  erbium-doped  silicon  is  shown  in  Figure 
1.  This  sample  was  coimplanted  with  erbium  and  oxygen  and  the  spectrum  is  taken  at  4K. 
The  spectrum  shows  a  sharp  peak  at  A=1.54p,m  with  several  peaks  at  longer  wavelengths. 
These  longer  wavelength  peaks  are  suspected  to  be  associated  with  the  ligand  field  splitting 
of  the  core  levels  that  results  from  the  formation  of  specific  erbium-oxygen  complexes  in 
the  silicon.  When  the  erbium  is  incorporated  using  ion  implantation,  an  anneal  step  is 
necessary  to  remove  implant  damage  and  to  allow  the  erbium  and  oxygen  to  form  optically 
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active  complexes.  Anneal  schedules  depend  on  implant  energies  and  doses,  but  are  typically 
800C  for  SOminutes.  Ion  implantation  limits  the  peak  concentration  to  the  solubility  limit 
of  erbium  in  silicon  (typically  lO^^cm"^).  When  erbium  is  incorporated  during  growth, 
metastable  concentrations  of  erbium  greater  than  10^*^cm“^  can  be  achieved  and  no  anneal 
step  is  required. 


Figure  1:  Low  temperature  (4K)  Si:Er  photoluminescence.  Samples  are  doped  with 
5xl0^^cm“^  Er  and  lxlO^*^cm~^  O  and  annealed  for  30min  at  800°C.  The  excitation  source 
is  a  488nm  Ar  ion  laser. 

Regardless  of  the  method  of  incorporation,  the  intensity  of  the  erbium  luminescence  falls 
olf  rapidly  at  temperatures  over  lOOK.  This  quenching  limits  the  usefulness  of  erbium-doped 
silicon  for  practical  devices.  Competitive,  non-radiative  mechanisms  involving  energy  back- 
transfer  from  the  excited  core  levels  are  responsible  for  the  intensity  reduction  at  higher 
temperatures.  The  nature  of  these  non-radiative  mechanisms  varies  as  the  temperature 
increases.  In  the  range  from  70K  to  150K,  free  carriers  not  taking  part  in  luminescence 
receive  the  energy  from  the  excited  erbium  prior  to  luminescence.  At  temperatures  above 
150K.  it  is  expected  that  multi-phonon  processes  can  deexcite  the  erbium. 

To  limit  the  core  level  effects  of  the  free-carrier  or  phonon  processes,  it  is  necessary  to 
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increase  the  spontaneous  emission  rate  of  the  erbium  (decrease  the  excited  state  lifetime). 
Increasing  the  spontaneous  emission  rate  can  be  accomplished  either  by  engineering  the  local 
environment  around  the  erbium  (e.g.,  through  optimizing  the  ligand  field),  or  by  incorporat¬ 
ing  the  erbium  in  a  resonant  cavity  tuned  to  the  emission  frequency.  The  physics  of  resonant 
cavities,  and  their  effect  on  spontaneous  emission  rates  is  covered  in  the  next  section. 

2.2  Control  of  spontaneous  emission 

The  fall-off  of  erbium  luminescence  at  ambient  temperatures  is  a  result  of  competing  recom¬ 
bination  processes  which  have  lifetimes  shorter  than  that  of  the  erbium  excited  state  [6,  7,  8]. 
One  method  of  probing  the  effect  of  lifetime  is  to  incorporate  the  Si:Er  into  a  microcavity.  A 
microcavity  consists  of  highly  reflective  walls  which  confine  emission  within  a  small  volume 
(on  the  order  of  where  A  is  the  emission  wavelength).  Microcavities  have  been  shown, 
theoretically  and  experimentally  [9,  10],  to  allow  control  of  the  spontaneous  emission  fate. 
The  most  relevant  of  this  work  was  performed  in  microcavities  containing  erbium-doped  Si02 
where  ‘giant’  enhancements  of  the  erbium  luminescence  were  seen  [11,  12]. 

Microcavities  in  other  semiconducting  systems,  most  notably  the  GaAs/AlGaAs  system, 
are  primarily  made  by  creating  dielectric  stacks  which  act  as  mirrors  [10,  13,  14].  These 
structures  can  be  made  by  MOCVD  or  MBE  techniques.  The  thicknesses  of  the  layers  in 
the  stacks  must  be  A/4n  where  n  is  the  refractive  index  of  the  material.  The  number  of 
layers  required  to  make  a  highly  reflective  stack  depends  on  the  refractive  index  difference 
between  the  layers  of  the  stack.  Layers  with  large  An  require  onl}'’  a  few  layer  pairs.  Making 
such  structures  with  crystalline  materials  requires  a  well  lattice-matched  material  system 
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to  achieve  A/4n  layer  thicknesses  with  a  large  enough  An  to  keep  the  number  of  layers 
reasonable.  If  crystallinity  is  not  a  requirement  for  good  light  emission  (as  in  the  Er  doped 
Si02  microcavities  which  are  amorphous  [11]),  then  lattice  matching  is  not  required  and  the 
An’s  can  be  high  with  no  concern  for  epitaxy.  Dielectric  stacks  could  be  considered  in  the 
Si/SiGe  system,  but  this  system  is  not  lattice- matched.  A  large  number  of  small  An  layers 
would  have  to  be  used  and  using  multilayers  detracts  from  the  compatibility  with  standard 
IC  processing.  Data  concerning  light  emission  from  polycrystalline  and  amorphous  Si:Er  is 
presented  later  in  this  report  and  these  materials  could  be  used  for  vertical  microcavities. 

Multilayer  microcavities  result  in  vertically  integrated  light  emitters.  To  be  of  use  the 
light  from  these  microcavities  must  be  coupled  into  a  waveguide  either  by  fiber  optic  or 
by  a  free  space  coupling  scheme.  Coupling  a  light  emitting  source  to  a  waveguide  always 
results  in  added  complexity  and  optical  loss.  If  possible,  it  would  be  better  to  integrate  the 
microcavity  directly  into  a  waveguide  device. 

In  this  study  two  waveguide-integrable  structures  for  Si:Er  microcavities  are  investigated. 
Both  of  these  structures  rely  on  silicon-on-insulator  (SOI)  technology,  but  they  use  only 
standard  silicon  processing  technologies  with  no  multilayer  epitaxy.  The  first  structure, 
a  microdisk  microcavity,  consists  of  a  silicon  disk  with  a  radius  of  approximately  1.0/im 
and  thickness  of  0.2/im  [15].  The  edge  of  the  disk  serves  as  the  mirror  in  this  structure 
and  light  traveling  around  the  disk  is  confined  by  total  internal  reflection.  This  microcavity 
requires  minimal  processing.  The  second  microcavity  makes  use  of  photonic  band  gap  (PBG) 
technology.  PBG  technology  uses  periodic  variations  in  dielectric  constant  to  create  reflective 
structures  [16,  17].  PBG  microcavities  can  be  integrated  directly  into  a  waveguide  which 
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eliminates  the  need  for  any  additional  coupling  schemes. 


2.3  Report  organization 

The  remainder  of  this  report  includes  background  on  the  temperature  dependence  of  Si:Er 
luminescence,  information  concerning  the  fabrication  of  microdisk  microcavities  and  a  dis¬ 
cussion  of  the  issues  involved  in  the  fabrication  and  testing  of  PEG  structures.  These  are 
followed  by  a  description  of  the  completed  work.  A  conclusion  describing  how  this  research 
will  contribute  to  the  future  of  light  emitting  is  presented. 

3  Background 

This  section  includes  discussions  concerning  the  temperature  dependence  of  Si:Er  lumines¬ 
cence.  The  role  of  spontaneous  emission  rate  is  included  in  the  discussion  and  the  use  of 
microcavities  to  enhance  the  spontaneous  emission  rate  is  detailed.  The  microdisk  micro¬ 
cavity  design  is  presented  and  a  primer  on  the  theory  and  fabrication  of  photonic  band  gap 
(PEG)  structures  concludes  the  background  section. 

3.1  Si:Er  luminescence  temperature  dependence 

Erbium  luminescence  in  silicon  is  quenched  as  temperatures  are  increased  from  77K  to  300K. 
This  quenching  has  been  reported  by  three  independent  laboratories  [7,  18,  19]  and  is  found 
to  have  an  activation  energy  from  0.13  to  O.lGeV.  The  activation  energy  is  not  dependent 
on  codopant,  processing  conditions  or  Er  concentration,  however  a  dependence  on  annealing 
temperatures  was  found  [7].  Higher  annealing  temperatures  shift  the  onset  of  quenching 
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to  higher  temperatures.  CofFa,  et  al  [18]  found  a  direct  correlation  between  the  photolu¬ 
minescence  intensity  and  the  lifetime  (Figure  2).  These  data  indicate  that  competitive, 
non-radiative  processes  occur  at  high  temperatures.  Non-radiative  paths  are  reduced  by 
annealing,  explaining  the  shift  to  higher  onset  temperatures  with  annealing  temperature. 
Additionally,  long  lifetime  processes  will  not  be  evident  if  faster  processes  are  available  for 
recombination;  this  would  account  for  the  reduction  in  light  output  with  a  decrease  in  the 
photoluminescence  lifetime. 
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Figure  2:  Temperature  dependence  of  photoluminescence  peak  intensity  and  photolumines¬ 
cence  lifetime  of  Si:Er.  From  reference  [7]. 


As  the  temperature  is  increased,  the  photoluminescence  spectrum  of  Si:Er  changes.  The 
main  peak  at  1.54/im  broadens  and  satellite  peaks  appear  (Figure  3).  The  broadening  of  the 
main  peak  is  attributed  to  homogenous  broadening  due  to  thermal  vibration.  The  satellite 
peaks  are  attributed  to  thermal  population  of  high  stark  levels  of  I13/2  [7].  The  broadening  of 
the  peak  and  the  evolution  of  satellite  peaks  are  undesirable  for  optical  communication  as  it 
is  possible  for  the  effective  index  of  the  waveguide  to  vary  as  a  function  of  wavelength.  This 
waveguide  dispersion  can  broaden  pulses  and  limit  data  rates.  The  thermal  quenching  and 
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Figure  3:  Photoluminescence  spectrum  evolution  of  Si:Er  with  increasing  temperature.  Short 
wavelength  peaks  attributed  to  thermally  populated  upper  manifold  states  of  the  Er. 

spectrum  broadening  effects  are  evident  in  Si:Er  made  by  both  MBE  and  ion  implantation, 
as  well  they  are  evident  in  other  Er  doped  systems  such  as  Ini_3.Gaj.P  [20]. 

Microcavities  can  alleviate  the  effects  of  high  temperature  on  the  emission  charcLctenstics 
of  Si:Er.  By  confining  the  emission  of  the  erbium  to  a  small  volume  with  a  well  defined 
resonance,  the  excited  state  lifetime  can  be  reduced  and  the  spectrum  can  be  narrowed.  As 
well,  confinement  in  a  microcavity  will  alter  the  spatial  radiation  pattern  of  the  Si:Er.  While 
typical  spontaneous  emission  is  isotropic,  emission  in  a  microcavity  is  enhanced  along  the 
direction  of  the  reflecting  walls  that  form  the  microcavity.  The  effects  of  microcavities  are 
discussed  in  the  next  section. 
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3.2  Controlling  luminescence  with  microcavities 

The  spontaneous  emission  rate,  spatial  radiation  pattern  and  spectrum  of  a  light  emitting 
medium  can  be  controlled  using  a  microcavity.  Microcavities  control  these  properties  by 
modifying  the  coupling  of  the  light  emitting  medium  with  the  vacuum  field.  The  ability  to 
alter  this  coupling  has  far  reaching  implications  which  are  beyond  the  scope  of  this  work, 
but  are  covered  quite  well  elsewhere  [21,  22,  23,  24,  25].  The  details  of  the  physics  under¬ 
lying  spontaneous  emission  rate  enhancement  are  also  thoroughly  explained  in  the  available 
literature  [9,  26,  27].  The  results  of  the  theoretical  analysis  (as  presented  by  Yokoyama  and 
Brorson  [27])  are  given  here.  If  only  one  resonant  cavity  mode  overlaps  the  spectrum  of  the 
light  emitting  medium  the  spontaneous  emission  rate,  Ac,  in  a  cavity  is  represented  by: 


Ac  -  r]A 


(1) 


with 

^  Qc^ 

^  A'kuqV 


(2) 


where  A  is  the  spontaneous  emission  rate  with  no  cavity,  !/<,  is  the  transition  frequency,  Q  is 
the  cavity  quality  factor,  c  is  the  velocity  of  light,  and  V  is  the  cavity  mode  volume. 

The  quality  factor  can  be  defined  a  number  of  equivalent  ways.  In  the  most  general  sense 
it  is  defined  as  the  power  stored  in  a  microcavity  divided  by  the  power  dissipated  from  the 
microcavity.  For  a  Fabry-Perot  microcavity  which  consists  of  identical  parallel  reflectors,  the 
Q  can  be  calculated  from  a  knowledge  of  the  wall  reflectivities; 
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n^/R  21 
1-RX 


(3) 


where  R  is  the  wall  reflectivity  and  1  is  the  wall  separation.  This  deflnition  of  Q  is  only 
accurate  for  light  normally  incident  on  the  walls.  An  additional,  useful  deflnition  of  Q  is  in 
terms  of  the  resonance  width  of  the  cavity: 


(4) 


where  /  is  the  center  frequency  of  the  resonance  and  A/  is  the  full  width  at  half  maximum 
(FWHM)  of  the  resonance  peak. 

From  equation  (2)  the  requirements  for  spontaneous  emission  enhancement  are  seen  to 
be  a  small  cavity  volume  and  a  large  quality  factor.  If  the  ratio  of  the  Q  of  the  cavity 
to  the  volume  of  the  cavity  is  larger  than  approximately  then  an  enhancement  of  the 
spontaneous  emission  should  occur.  Microcavities  have  been  fabricated  in  semiconductor 
materials  due  to  the  availability  of  fabrication  techniques  enabling  the  dimensional  control 
of  the  submicron  structures  required  to  minimize  V.  Additionally,  highly  reflective  structures 
can  be  made  resulting  in  large  Q’s.  Spontaneous  emission  enhancement  has  been  reported  in 
GaAs  [10],  dye-containing  Langmuir-Blodgett  Aims  [28]  and  Er  doped  Si02  [12].  All  of  these 
applications  used  multi-layer  dielectric  stacks.  Spontaneous  emission  rates  were  increased  by 
about  a  factor  of  2  in  the  GaAs  and  dye-containing  structures  and  by  a  factor  of  1.5  in  the 
Er  structures.  Figure  2  shows  that  the  spontaneous  emission  lifetime  is  reduced  by  a  factor 
of  4  from  90K  to  200K.  If  the  spontaneous  emission  rate  can  be  increased  by  a  factor  of  4, 
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the  luminensence  quenching  should  be  effectively  reduced. 

Erbium  luminescence  in  silicon  is  isotropic.  There  is  no  preferred  direction  for  emission. 
In  order  to  capture  the  majority  of  the  emitted  light  a  lensing  arrangement  must  be  used. 
While  lensing  will  make  the  light  output  more  directional,  it  will  never  successfully  capture 
all  of  the  light  emission  and  what  is  not  captured  is  essentially  lost.  Microcavities  can 
be  used  to  limit  light  emission  to  a  narrow  range  of  angles  and  facilitate  capture  of  the 
majority  of  produced  luminescence.  The  spatial  radiation  patterns  from  microcavities  have 
been  determined  theoretically  and  experimentally.  For  planar  microcavities,  the  theoretical 
calculations  show  that  the  directionality  depends  critically  on  the  spacing  of  the  walls  [22] 
with  more  closely  spaced  walls  (on  the  order  of  the  radiation  wavelength)  resulting  in  more 
highly  directional  output.  The  directionality  improvements  have  been  experimentally  verified 
in  GaAs  structures  [13,  14]  and  Er:Si02  structures  [12].  Yamamoto,  et  al,  reported  an 
enhancement  of  the  spatial  radiation  pattern  of  130  compared  to  that  of  an  isotropic  radiator. 

Finally,  spectral  enhancements  are  expected  from  microcavities,  even  if  lasing  is  not 
achieved.  The  cavity  resonance  channels  all  of  the  spontaneous  emission  into  the  cavity 
mode  and  this  controls  the  output  emission  spectral  width.  The  width  of  the  cavity  mode, 
and  therefore  the  width  of  the  output  emission,  is  determined  by  the  reflectivity  of  the  cavity 
walls  (see  equations  (3)  and  (4)).  Reductions  in  linewidth  by  a  factor  of  four  have  been 
reported  in  GaAs  resonant  cavity  devices  [14,  29].  Schubert  reported  data  for  a  resonant 
cavity  light  emitting  diode  (LED)  showing  that,  even  without  lasing,  the  linewidth  was 
controlled  by  the  cavity  Q. 

The  most  relevant  of  the  microcavity  work  was  presented  by  Vredenberg,  et  al  [12].  They 
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constructed  a  Si/Si02  distributed  Bragg  structure  with  an  Er  implanted  Si02  active  cavity 
layer.  Figure  4  shows  the  results  of  the  photoluminescence  tests.  The  erbium  signal,  which 
was  broad  and  double  peaked  without  a  cavity,  is  only  lOnm  FWHM  when  in  the  cavity. 
Additionally,  the  strong  angular  dependence  of  the  output  intensity  is  obvious.  Spontaneous 
emission  rate  enhancement  was  measured  to  be  approximately  1.5. 
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Figure  4:  Effects  of  a  microcavity  structure  on  the  spontaneous  emission  from  Er  doped 
Si02.  From  reference  [12]. 


Microcavities  offer  improvements  in  three  areas  critical  to  Si:Er  technology:  spontaneous 
emission  rate,  directionality  and  spectral  width.  While  these  reasons  alone  are  sufficient 
to  warrant  research  in  Si:Er  microcavities  there  is  added  incentive  in  that  increasing  the 
spontaneous  emission  rate  may  lead  to  higher  temperature  operation.  The  next  two  sections 
describe  the  microcavities  developed  to  modify  the  spontaneous  emission  from  Si:Er. 
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3.3  Microdisk  microcavities 


The  first  microcavity  design  considered  is  the  microdisk.  This  microcavity  consists  simply  of 
a  thin  disk  of  a  high  refractive  index  material  surrounded  and  supported  by  a  low  refractive 
index  material.  Light  is  confined  in  this  structure  by  total  internal  reflection  at  the  edge 
of  the  disk.  The  reason  for  considering  this  structure  is  that  it  represents  perhaps  the 
simplest  possible  microcavity  design  in  silicon.  The  fabrication  of  such  a  structure  requires 
only  that  SOI  substrates  be  used.  These  substrates  must  consist  of  thin  (2000A)  layers  of 
crystalline  silicon  separated  from  a  silicon  wafer  by  a  layer  of  oxide.  The  top  silicon  is  simply 
patterned  and  etched  into  microdisks.  The  Si02  limits  the  radiation  of  the  disk  mode  into 
the  underlying  Si  wafer. 

Theoretical  analysis  of  the  propagation  modes  in  microdisk  structures  have  been  pub¬ 
lished  [15].  From  this  analysis  it  was  found  that  the  light  propagating  around  the  microdisk 
is  confined  near  the  edge  of  the  disk  and  light  is  emitted  from  a  narrow  range  of  angles 
emanating  from  the  disk  edge.  An  additional  feature  is  that  the  intensity  decays  exponen¬ 
tially  out  to  a  distance  proportional  to  the  radius  and  refractive  index  of  the  disk  before 
propagating  freely. 

Microdisks  have  been  fabricated  in  the  InP/InGaAsP  system  [15,  30,  31].  These  struc¬ 
tures  consisted  of  a  series  of  InGaAs  quantum  wells  separated  by  InGaAsP.  The  quantum 
wells  were  grown  on  an  InP  substrate  which  was  then  selectively  etched  with  HCl.  The  HCl 
etched  away  the  InP  from  underneath  the  microdisk  leaving  an  InP  post  which  supported 
the  microdisk  and  kept  it  far  enough  from  the  substrate  to  eliminate  losses  to  the  substrate. 
Cavity  Q’s  for  these  structures  were  measured  and  ranged  from  100  to  750  [30].  Spectral 
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narrowing  was  measured  even  below  the  laser  threshold. 

The  results  for  the  InP/InGaAsP  disks  are  impressive,  but  the  Si/Si02  system  should 
prove  even  better.  The  high  index  InP  post  which  supports  the  InGaAsP  quantum  wells  can 
actually  couple  light  from  the  microdisk  to  the  substrate.  For  silicon  microdisks  the  structure 
is  everywhere  supported  by  relatively  low  index  Si02.  The  leakage  loss  to  the  substrate  can 
be  reduced  by  increasing  the  Si02  thickness.  We  can  expect  that  the  largest  source  of  loss 
from  Si/Si02  microdisk  microcavities  will  be  due  to  roughness  of  the  disk  edge  and  surface. 
The  surface  roughness  will  depend  on  the  starting  SOI  materials  and  the  edge  roughness 
depends  on  the  masks,  photolithography  and  etch  processes  used  to  create  the  disks. 

Microdisk  microcavities  provide  an  excellent,  easily  fabricated  tool  for  investigating  the 
spectral  and  lifetime  changes  we  can  expect  for  Si:Er.  To  make  the  structures  technologically 
useful  requires  a  novel  method  of  coupling  the  light  out.  Most  of  the  published  experimental 
results  come  from  measuring  the  spectrum  of  the  light  scattered  from  the  surface  of  the 
structure.  Small  gratings  have  been  formed  on  the  edge  of  the  disk  to  enhance  output  cou¬ 
pling  [30],  but  this  still  does  not  make  use  of  the  directionality  enhancements  available  from 
more  standard  microcavity  designs.  In  the  results  section  of  this  report,  designs  for  coupling 
light  from  a  microdisk  into  a  waveguide  are  presented.  In  the  next  section  we  will  discuss 
another  microcavity  design  which  has  excellent  directionality  and  coupling  characteristics. 

3.4  Photonic  band  gap  structures 

One  method  of  making  highly  reflective  structures  in  dielectrics  is  to  employ  Photonic  Band 
Gap  (PBG)  technology  [32].  PBG  materials  consist  of  periodic  dielectric  lattices.  A  photon 
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traveling  through  such  a  lattice  encounters  a  periodic  variation  in  dielectric  constant  analo¬ 
gous  to  the  periodic  potential  encountered  by  an  electron  traveling  through  a  semiconductor 
lattice.  As  in  the  case  of  semiconductors,  there  arises  a  band  of  frequencies  which  are  not 
allowed  to  propagate  and  are  completely  reflected  by  the  material.  Photonic  band  gaps  have 
been  investigated  theoretically  in  three  dimensional  structures  [33,  34,  35,  36,  37],  two  dimen¬ 
sional  structures  [38,  39]  and  one  dimensional  structures  (an  analogy  to  the  Kronig-Penney 
model  of  periodic  potentials  in  one  dimension)  [39].  While  a  large  number  of  theoretical 
investigations  have  been  published,  the  experimental  work  has  lagged.  This  is  primarily  due 
to  the  small  device  structures  and  difficult  geometries  required  for  PEG  materials  working  at 
optical  frequencies  [40].  Some  experimental  work  has  been  performed  at  microwave  frequen¬ 
cies  and  the  agreement  with  theoretical  calculations  is  found  to  be  quite  good  [32,  39,  41]. 
Figure  5  shows  experimental  results  for  3-D  PEG  material  fabricated  for  use  at  microwave 
frequencies.  The  first  plot  shows  the  existence  of  a  ‘forbidden  gap’  or  range  of  frequencies 
which  was  not  allowed  to  propagate  through  the  structure.  The  second  plot  shows  the  exis¬ 
tence  of  a  gap  state.  This  state  was  created  by  including  a  ‘defect’  in  the  PEG  structure.  The 
defects  in  these  structures  are  introduced  by  either  including  additional  dielectric  material 
or  by  removing  dielectric  material.  These  defect  states  are  actually  resonant  cavity  modes. 
The  Q  of  the  defect  mode  shown  in  Figure  5  was  estimated  to  be  1000  [32].  These  high  Q 
modes  can  be  used  to  create  PEG  microcavities  for  Si:Er. 

A  requirement  for  the  existence  of  a  photonic  band  gap  is  a  large  dielectric  contrast  for 
the  materials  which  are  used.  The  dielectric  contrast  is  defined  as  eijeo  where  e\  is  the 
larger  dielectric  constant.  This  is  again  analagous  with  semiconductor  systems  where  large 
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Attenuation 


potential  variations  result  in  wider  band  gaps.  The  dependence  of  the  gap  width  on  the 
dielectric  contrast  for  a  2-D  triangular  lattice  is  shown  in  Figure  6.  This  figure  also  shows 
the  optimal  ratio  of  the  hole  radius,  r,  to  the  lattice  constant,  a,  which  gives  the  largest  band 
gap.  From  this  figure  it  is  obvious  that  a  dielectric  contrast  of  at  least  seven  is  required  if 
any  gap  is  to  be  seen  in  a  2-D  PEG  material  with  a  triangular  lattice.  The  dielectric  contrast 
for  Si  and  air  is  approximately  twelve  at  a  wavelength  of  1.55^m  which  would  result  in  a 


gap  of  15%  of  the  midgap  frequency. 

Working  in  collaboration  with  researchers  under  the  direction  of  Prof.  John  Joannopolous 
at  MIT,  investigations  into  1-D  PEG  material  have  been  carried  out  and  these  structures 
have  advantages  over  the  2-D  structures.  The  structure  (shown  in  Figure  7)  consists  of 
a  waveguide  made  of  a  high  index  material  (silicon  in  our  case)  on  a  low  index  substrate 
(SiOa).  Along  the  center  of  the  waveguide  holes  are  etched.  The  holes  provide  the  periodic 
dielectric  variation.  The  waveguide  confines  and  guides  the  light  through  the  PEG  structure. 
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Figure  6:  Dependence  of  band  gap  on  dielectric  constant  for  2-D  triangular  lattice.  Band  gap 
is  given  as  percent  of  center  frequency.  The  optimal  r/a  ratio  is  also  shown.  From  reference 
[38] 

A  single  stretch  of  waveguide  holes  will  act  as  a  reflector  over  a  large  range  of  frequencies  for 
guided  modes.  Removing  one  of  the  holes  results  in  a  defect  mode  in  the  range  of  reflected 
frequencies  just  as  the  3-D  case  did.  This  missing  hole  will  act  as  a  microcavity.  Unlike  the 
3-D  case,  the  guided  mode  band  gaps  exist  only  for  TE  polarized  light;  any  guided  modes 
with  TM  polarization  will  not  be  reflected. 


a 


Figure  7:  PBG  material  integrated  into  Si  waveguide  on  Si02.  The  band  gap  scales  with  the 
period  parameter,  a.  The  value  of  ’a’  is  typically  0.3  times  the  mid-gap  wavelength. 

The  waveguide  integrated  PBG  structures  have  been  analyzed  theoretically  [16,  17].  The 
Q  for  cavities  consisting  of  single  missing  holes  depends  on  the  number  of  holes  to  either 
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side  of  the  missing  hole  (see  Figure  8).  The  PBG  microcavities  have  small  modal  volumes. 
The  modal  volumes  for  these  structures  are  estimated  to  be  which,  from  equation  (2), 
results  in  enhancement  factors  as  large  as  the  cavity  Q.  The  waveguide  integrated  PBG  has 
the  additional  advantage  of  coupling  the  cavity  output  directly  into  a  waveguide,  eliminating 
the  need  for  complicated  coupling  schemes. 


Figure  8:  Cavity  Q  values  as  a  function  of  the  number  of  waveguide  holes  on  either  side  of 
the  cavity.  From  reference  [17]. 


4  Research  results 

The  goal  of  this  research  project  is  to  evaluate  the  effects  of  enhanced  spontaneous  emis¬ 
sion  on  Si:Er  luminescence.  The  quality  of  the  devices  are  highly  dependent  on  material 
choices  and  processing.  Additionally,  the  nature  of  resonances  in  waveguide  integrated  PBG 
structures  and  their  material  dependencies  have  never  been  investigated  experimentally.  The 
following  sections  detail  the  requirements  for  Si/SiO?  confining  structures  and  discuss  the 
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Substrate 

^Si 

{nm) 

^OX 

(fim) 

Ne 

(cm“'^) 

(cm-2) 

SIMOX 

0.2 

<0.45 

lO^-^ 

lo^ 

BESOI 

>1.0 

>1.0 

lO^^ 

— 

Unibond 

0.2 

>1.0 

10^^ 

lo^^ 

PolySi 

0.2 

>1.0 

— 

poly 

Table  1;  Summary  of  SOI  technology  capabilities  as  substrates  for  Si  strip  waveguides,  ts,- 
is  the  Si  thickness,  tox  is  the  oxide  thickness,  Nc  is  the  carrier  concentration,  and  N<ie/  is  the 
defect  concentration. 

different  approaches  for  producing  SOI  material.  Fabrication,  evaluation  and  modelling  of 
microdisk  microcavities  is  presented.  The  development  of  PBG  microcavities  is  discussed 
and  the  fabrication  and  analysis  results  are  presented. 


4.1  Silicon  on  insulator  material 

Both  the  microdisk  and  PBG  microcavities  take  advantage  of  the  development  of  Silicon- 
On-Insulator  or  SOI  materials.  These  materials  have  been  pursued  to  improve  isolation 
between  logic  devices  for  integrated  circuits,  but  have  layer  dimensions  and  refractive  indices 
suitable  for  light  confinement.  The  structures  consist  of  a  top  silicon  layer  separated  from  on 
underlying  silicon  wafer  substrate  by  a  buried  silicon  dioxide  layer.  The  important  metrics 
for  waveguide  devices  are  the  crystalline  quality,  thickness,  and  doping  levels  of  the  layers. 
The  ability  to  control  these  parameters  depends  greatly  on  the  processing  techniques  used. 
The  major  categories  to  be  discussed  here  are  SIMOX  (Separation  by  IMplantion  of  Oxygen), 
wafer  bonding,  and  polycrystalline  silicon  on  oxide.  Table  1  compares  various  the  techniques 
and  shows  the  defect  levels  and  range  of  layer  thicknesses  possible.  The  development  of 
polycrystalline  silicon  as  a  light  guiding  medium  has  been  ongoing  during  the  period  of  this 
work  and  results  of  the  effort  are  included  in  this  report. 
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The  SIMOX  technique  begins  with  a  standard  silicon  wafer  into  which  oxygen  is  ion 
implanted.  Implantation  energies  are  typically  160keV  with  doses  of  1.6xl0^®cm~^.  Following 
the  implantation,  a  1300°C,  6h  anneal  is  performed  to  convert  the  implanted  silicon  into 
silicon  dioxide  and  to  anneal  the  implant  damage  from  the  upper  silicon  layer  [42].  This  is 
an  excellent  technique  where  thin  top  silicon  layers  are  needed  and  oxide  layers  of  0.45/xm  or 
less  are  acceptable.  The  implantation  damage  can  never  be  fully  removed  from  the  top  silicon 
layer,  and  defect  densities  of  10^/cm^  remain  in  the  top  layer.  Additional  problems  include 
“pipes”  of  silicon  that  extend  through  the  oxide  and  result  from  surface  contamination  [43]. 
The  top  silicon  layer  can  be  doped  as  desired  or  can  remain  nominally  undoped,  as  is  preferred 
for  light  propagation. 

Wafer  bonding  technologies  include  BESOI  (Bond  and  Etch-back  Silicon  On  Insulator) 
and  the  Unibond  process  [44].  Bonds  can  be  formed  between  oxide  layers  or  between  an  oxide 
and  a  silicon  layer  simply  by  putting  the  surfaces  in  contact  and  heating  them  to  llOOC. 
For  bonding  to  occur  requires  that  the  surfaces  be  quite  clean  and  defect  free.  BESOI  and 
Unibond  use  different  phenomenon  to  thin  the  top  silicon  layer.  In  BESOI,  the  top  silicon 
wafer  contains  an  etch-stop  layer  at  the  desired  layer  thickness.  The  entire  silicon  wafer 
behind  this  layer  is  etched  off  leaving  a  thin  silicon  layer.  The  remaining  layer  is  always 
doped  due  to  the  etch-stop  layer.  The  thickness  of  this  layer  is  typically  1.0/im  or  more 
with  variations  in  thickness  of  10%  common.  The  thickness  and  variation  can  be  reduced 
with  plasma  thinning  processes,  but  these  are  prohibitively  expensive  [45].  For  the  Unibond 
process,  one  of  the  wafers  receives  a  high  dose  hydrogen  implant  prior  to  bonding.  During 
the  bonding  process,  voids  form  at  the  peak  hydrogen  concentration  and  the  wafer  cleaves 
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off.  The  surface  is  then  chemical  mechanically  polished.  Top  silicon  thicknesses  of  2000A  are 
achievable  with  variations  of  0.5%.  The  top  silicon  can  remain  nominally  undoped.  With 
either  of  the  wafer  bonding  techniques,  thick  oxides  are  possible.  Thermal  oxides  of  l.O^m 
or  more  are  easily  achieved. 

Polycrystalline  silicon  on  insulator  material  is  under  development  as  a  light  guiding  ma¬ 
terial  [46,  47].  The  interest  in  polycrystalline  silicon  stems  from  its  availability  in  standard 
silicon  IC  processing  lines  and  the  large  range  of  silicon  and  oxide  thicknesses  possible.  The 
drawbacks  of  the  technology  are  the  defective  nature  of  the  silicon  due  to  grain  boundaries. 
To  form  the  structure,  an  oxide  is  formed  either  by  thermal  oxidation  or  by  deposition. 
Polycrystalline  silicon  is  then  directly  deposited,  or  amorphous  silicon  is  deposited  and  then 
annealed  into  polycrystalline  silicon.  Annealed  amorphous  silicon  has  a  much  smoother  sur¬ 
face,  the  deposited  polycrystalline  material  typically  has  roughness  measured  to  be  20nm. 
Because  polycrystalline  silicon  is  required  if  multilayer  vertical  cavities  are  to  be  achieved 
with  the  Si/Si02  material  system,  a  program  of  assessing  and  limiting  the  losses  of  poly¬ 
crystalline  silicon  has  been  undertaken.  The  next  section  details  the  work  performed  on 
polycrystalline  silicon. 

4.1.1  Poly  crystalline  silicon  for  light  confinement 

Reports  of  absorption  in  polycrystalline  silicon  indicated  that  the  material  would  be  unsuit¬ 
able  for  light  guiding.  Absorption  coefficients  of  360dB/cm  at  A=  1.54/im  were  reported 
[48].  We  began  using  polySi  as  a  prototyping  material  and  found  that  the  losses  could  be 
greatly  reduced  in  a  waveguide  geometry.  We  deposited  thick  oxide  (1.0  to  3.0/.tm)  on  a 
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Si  wafer  followed  by  1.0/im  thick  polySi  layers  which  were  etched  into  straight  waveguide 
sections.  Loss  measurements  were  performed  by  the  cutback  method  and  the  results  for 
different  post-deposition  treatments  are  shown  in  Figure  9. 


Processing  Conditions 


Figure  9:  Optical  loss  in  polycrystalline  silicon  at  A  =  1.54  fim  as  a  function  of  processing 
conditions. 


The  first  measurements  were  made  on  polySi  deposited  at  625°C.  Losses  were  found  to 
be  75dB/cm.  The  deposited  polySi  is  rough,  with  roughness  measured  by  AFM  to  be  20nm 
rms.  When  this  roughness  is  removed  by  chemical  mechanical  polishing  (CMP),  the  loss  is 
reduced  to  35dB/cm.  The  improvement  of  40dB/cm  in  attenuation  is  consistent  with  an 
analysis  of  roughness  scattering  [46] . 

To  avoid  the  roughness  and  CMP  step  we  deposit  amorphous  Si  at  560°C  and  anneal  at 
600°C  for  16  hours  to  convert  the  amorphous  Si  to  polySi.  The  surface  roughness  of  this 
polySi  is  typically  3nm  rms,  which  is  similar  to  the  best  results  obtained  by  CMP.  The  loss 
in  polySi  waveguides  prepared  in  this  manner  is  35dB/cm,  consistent  with  the  deposited 
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polySi  waveguides  treated  with  CMP.  The  remaining  35dB/cm  is  the  bulk  loss  of  the  polySi. 

The  bulk  loss  can  be  further  reduced  by  hydrogen  passivation.  Samples  were  subjected  to 
a  300°C  ECR  hydrogen  plasma  for  60min.  Following  the  hydrogenation,  the  residual  waveg¬ 
uide  loss  is  15dB/cm.  This  represents  the  lowest  loss  ever  acheived  for  polySi  waveguides. 
The  remaining  loss  is  expected  to  be  due  either  to  an  additional  scattering  mechanism  at 
grain  boundaries,  perhaps  due  to  band  bending,  or  by  incomplete  passivation  of  defects. 

With  the  reduced  losses  achieved  in  our  polySi  waveguides,  the  polySi/Si02  becomes  an 
attractive  system  for  prototyping  before  using  expensive  SOI  substrates.  PolySi  also  offers 
the  opportunity  to  consider  multiple  levels  of  waveguides  or  layered  structures  such  as  dis¬ 
tributed  Bragg  reflectors.  Use  of  crystalline  Si  will  reduce  waveguide  device  loss  appreciably, 
but  losses  associated  with  the  fabrication  are  still  of  concern.  The  next  section  discusses  the 
issue  of  fabrication  induced  loss. 

4.1.2  Fabrication  Induced  Loss 

The  high  index  difference  between  Si  and  Si02  (An  =  2.0)  can  lead  to  large  roughness 
induced  loss,  as  was  seen  in  the  case  of  the  polySi  waveguide  measurements.  This  sensitivity 
to  imperfection  makes  control  of  the  etched  waveguide  features  critical  for  maintaining  low 
loss. 

To  assess  the  loss  due  to  etched  features,  we  fabricated  waveguides  using  Unibond  SOI 
substrates.  The  width  of  the  waveguides  varied  from  8.0/.tm  to  l.O^m  in  order  to  increase  the 
interaction  of  the  guided  mode  with  the  waveguide  sidewall.  The  results  of  the  waveguide 
loss  as  a  function  of  the  waveguide  width  are  shown  in  Figure  10. 
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Figure  10;  Measured  loss  of  0.2^m  thick  Unibond  waveguides  as  a  function  of  waveguide 
width.  Solid  line  is  calculated  loss  due  to  roughness. 

For  large  waveguide  widths  (>4.0/;/ni),  the  guided  mode  does  not  interact  strongly  with 
the  sidewalls  and  the  measured  loss  can  be  considered  the  bulk  loss  in  the  material.  For  both 
4.0  and  S.Oyum  waveguides,  this  loss  is  measured  to  be  near  l.OdB/cm.  As  the  waveguide 
width  decreases,  loss  due  to  sidewall  roughness  starts  to  increase.  At  l.Oyum  width,  we 
measure  approximately  20dB/cm.  Included  with  the  measured  data  is  a  calculation  of  the 
loss  due  to  roughness  [49].  This  loss  is  calculated  by  assuming  that  the  waveguide  has  a 
perfectly  periodic  grating  on  the  side  that  couples  the  guided  mode  to  radiation  modes.  The 
oscillations  in  the  calculated  data  are  a  result  of  the  periodicity  on  the  assumed  grating. 
The  trend  of  loss  with  width  from  the  calculations  matches  well  the  measured  data.  For  the 
calculation,  a  roughness  of  15nm  rms  was  used.  Loss  due  to  roughness  depends  on  the  square 
of  the  roughness;  improved  sidewall  quality  can  greatly  improve  the  waveguide  performance. 
The  microdisk  devices  are  not  greatly  affected  by  the  sidewall  quality  unless  the  disk  radius  is 
less  than  l.Oyum,  for  PBG  devices  with  waveguide  widths  of  0.55jLtm,  controlling  the  roughness 
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is  critical.  Experimental  results  for  the  microcavities  are  presented  in  the  following  sections. 


4.2  Microdisk  fabrication  and  test 

Microdisk  microcavities  were  investigated  because  of  their  simplicity  and  suitability  to  the 
Si/Si02  material  system.  Microdisks  were  fabricated  from  both  SIMOX  (separation  by  im¬ 
plantation  of  oxygen)  and  BESOI  (bond  and  etch  back)  SOI  substrates.  The  SOI  substrates 
were  doped  with  erbium  using  ion  implantation.  Ion  beam  energies  of  360keV  are  used  with 
doses  of  lO^^cm"^  to  achieve  peak  erbium  concentrations  of  5xl0^^cm“^.  The  substrates 
must  then  be  annealed  at  800"C  for  30min  to  activate  the  erbium  and  to  repair  the  implant 
damage.  Critical  parameters  for  the  microdisk  fabrication  include  mask  generation  and  pro¬ 
cess  flow.  These  will  be  discussed  in  the  following  section.  Testing  was  performed  using  both 
photoluminescence  and  cathodoluminescence  and  the  results  are  presented. 

4.2.1  Microdisk  processing 

Writing  small  circular  features  accurately  is  difficult  using  optical  pattern  generators.  The 
pattern  generators  break  each  circle  into  an  overlapping  series  of  rectangles.  In  order  to 
acheive  faithful  reproduction  of  a  circular  feature,  at  least  48  such  rectangles  per  circle  are 
typically  used.  Because  optical  pattern  generation  overlaps  these  rectangles,  the  center  of 
the  circular  feature  can  be  overexposed  and  the  outer  edge  of  the  circle  can  be  underexposed. 
Patterns  formed  this  way  can  be  highly  irregular  in  geometry.  To  avoid  this  problem,  laser 
written  or  e-beam  masks  must  be  used.  The  pattern  generators  for  these  two  types  of  mask 
writing  technologies  break  the  circular  pattern  into  a  rastered  grid.  One  only  needs  to  ensure 
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that  the  grid  is  fine  enough  not  to  be  below  the  resolution  of  the  exposure  system  being  used 
for  photolithography. 

Testing  with  photoluminescence  required  that  we  use  large  arrays  of  microdisks  that 
could  be  tested  simultaneously.  In  order  to  achieve  a  detectable  signal  level,  we  wanted  to 
have  at  least  one  tenth  of  the  active  volume  of  an  unpatterned  substrate.  Additionally,  we 
wanted  the  disks  to  be  far  enough  apart  so  that  they  would  not  couple  and  alter  the  mode 
placement.  We  developed  two  masks,  the  first  with  large  spacing  between  the  disks  to  limit 
coupling.  The  second  mask  used  a  disk  spacing  of  5  times  the  tunnelling  distance  as  defined 
by  Slusher,  and  fractional  volumes  of  0.14  were  achieved.  There  is  a  software  limited  tradeoff 
here  between  spacing  and  memory  required  for  the  mask  data.  While  we  could  conceivably 
move  the  disks  even  closer,  it  would  limit  the  number  of  disks  we  could  use.  The  disk  arrays 
are  typically  1.0mm  X  1.0mm  and  can  contain  as  many  as  100,000  disks  per  array. 

The  preferred  process  is  to  have  the  Er-related  processing  complete  before  patterning. 
The  SOI  substrates  are  implanted  with  erbium  and  oxygen  and  annealed  at  800°C  for  30min 
in  nitrogen.  Remnant  implant  damage  can  affect  pattern  transfer,  resulting  in  a  rough 
microdisk  edge.  Following  the  anneal,  patterning  and  etching  of  the  microdisk  are  performed. 
We  used  an  SFe  plasma  etch  to  etch  through  the  entire  Si  layer.  In  some  cases  we  followed 
this  with  a  buffered  oxide  etch  to  partially  remove  the  oxide  from  underneath  the  disk.  We 
did  this  to  limit  the  coupling  of  the  optical  mode  to  the  sukstrate.  Figure  11  shows  the 
result  of  the  microdisk  processing  with  a  buffered  oxide  etch.  Following  the  processing,  the 
microdisks  are  ready  for  testing.  Both  photoluminescence  and  cathodoluminesence  were 
performed  on  the  microdisks  and  the  results  are  presented  in  the  following  section. 
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Figure  11:  Si:Er  microdisk  fabricated  from  SIMOX  material.  Si  etched  in  SFg  plasma,  oxide 
undercutting  performed  with  buffered  oxide  etch.  This  disk  is  0.2ium  thick  with  a  radius  of 
~2.0y:/m. 

4.2.2  Microdisk  testing 

Both  photoluminescence  (PL)  and  cathodoluminescence  (CL)  testing  were  performed  on  the 
microdisks.  The  PL  measurements  allow  a  larger  active  volume  of  Si:Er  to  be  excited,  while 
the  CL  measurements  offer  the  possibility  of  testing  individual  disks. 

Photoluminescence  tests  were  performed  on  the  microdisks.  Sections  of  wafer  with  mi¬ 
crodisks  of  only  a  single  diameter  were  illuminated  with  an  argon  ion  laser  and  the  spectrum 
was  determined  with  a  spectrometer.  The  light  detected  is  scattered  out  of  the  surface  and 
the  edges  of  the  microdisk  due  to  imperfections  and  also  light  that  tunnels  from  the  disk 
edge.  In  all  cases,  independent  of  the  microdisk  radius,  the  scattered  light  intensity  was 
below  the  sensitivity  of  the  measuring  equipment  (a  liquid  helium  cooled  Ge  detector).  This 
indicates  that  either  the  active  volume  of  the  disks  is  too  small  to  show  luminescence  or  that 


the  microcavity  is  off-resonance  and  is  not  allowing  light  emission. 


Cathodoluminescence  (CL)  measurements  were  performed  on  individual  disks.  The  mi¬ 
crodisk  was  scanned  with  a  40keV  electron  beam.  The  electron  beam  creates  electron  hole 
pairs  in  the  silicon  which  can  recombine  and  transfer  their  energy  to  the  Er.  The  resulting  Er 
luminesence  is  collected  and  detected  by  a  liquid  nitrogen  cooled  Ge  detector.  The  lumines- 
ence  passes  through  a  notch  filter  centered  at  A=1.54//m  so  that  only  Er  related  luminesence 
is  detected.  Using  this  technique  we  were  able  to  map  the  resulting  1.54^m  luminescence 
from  a  microdisk.  Figure  12  shows  the  results.  The  microdisk  shows  greater  luminescence 
intensity  from  the  post  area  than  from  the  edge  of  the  disk.  This  is  contrary  to  expectations 
for  a  whispering  gallery  mode  with  the  light  intensity  being  greatest  at  the  disk  edge.  The 
radiation  pattern  we  see  can  be  attributed  to  the  post  actually  optically  pumping  the  disk. 
Si  rich  SiOs  films  have  been  shown  to  emit  blue  light  under  the  appropriate  excitation  con¬ 
ditions.  This  emission  can  generate  additional  electron-hole  pairs  in  the  Si  leading  to  greater 
1.54^m  emission.  We  measured  the  luminescence  of  the  Si02  with  the  upper  silicon  layer 
removed  and  indeed  found  blue  emission.  The  CL  results  for  the  SIMOX  buried  oxide  are 
shown  in  Figure  13. 

4.2.3  Microdisk  analysis  and  conclusions 

Microdisk  testing  is  difficult  because  a  null  result  (no  measured  signal)  does  not  imply  a 
poorly  operating  microdisk.  In  order  to  see  microcavity  effects  it  is  necessary  to  overlap  the 
spectrum  of  the  Er  luminescence  with  the  microdisk  mode.  The  mode  position  in  wavelength 
is  sensitively  dependent  on  the  disk  radius  and  thickness.  Figure  14a  and  b  show  these 
dependencies  explicitly.  The  Si:Er  spectra  is  shown  plotted  with  the  mode  position  as  a 
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Intensity  (arb.  units) 


Figure  12:  Map  of  A  =  1.54/im  cathodoluminescence  from  Si:Er  microdisk.  Lighter  colors 
correspond  to  higher  intensity  output. 


Wavelength  (pm) 


Figure  13:  Cathodoluminescence  of  SIMOX  buried  oxide. 


Radius  (Jim) 


function  of  disk  radius  in  Figure  14a.  The  mode  position  was  calculated  from  the  analysis 
published  by  Slusher  [25].  It  can  be  seen  that  small  variations  in  disk  radius  can  move  the 
mode  off  of  the  maximum  Er  peak.  Figure  14b  shows  the  same  type  of  dependence  on  disk 
thickness.  If  the  thickness  and  radius  are  not  controlled  adequately,  the  microdisk  mode 
will  not  overlap  the  Er  luminescence  and  the  spontaneous  emission  will  actually  be  inhibited 
instead  of  enhanced.  The  mode  positions  are  calculated  using  the  approach  by  Slusher. 
It  is  not  possible  to  predict  the  appropriate  thickness  and  radius  for  modal  overlap  prior 
to  fabrication  because  effective  index  calculations  for  these  structures  are  only  approximate 
and  the  uncertainty  in  measurement  of  the  thickness  and  radius  is  larger  than  the  acceptable 
tolerances. 


Figure  14:  Dependence  of  microdisk  mode  position  and  typical  Si:Er  photoluminesence  spec¬ 
tra.  (a)  mode  position  as  a  function  of  disk  radius,  (b)  mode  position  as  a  function  of  disk 
thickness.  Shaded  areas  show  acceptable  dimensions  for  disk  mode  overlap  with  maximum 
peak  of  Si:Er  emission. 

To  surmount  this  problem,  it  is  necessary  to  be  able  to  measure  the  mode  position 
without  relying  on  the  Si:Er  luminescence.  This  measurement  is  possible  if  the  microdisk 
is  coupled  to  a  waveguide.  This  basic  structure  is  shown  in  Figure  15a.  The  disk  is  placed 
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in  close  proximity  (approximately  0.2/um)  to  both  waveguides.  Light  that  is  resonant  in  the 
microdisk  will  couple  from  the  input  waveguide  to  the  output  waveguide.  A  calculation  of 
the  transmission  at  the  output  of  guide  2  is  shown  in  Figure  15b.  It  should  be  noted  that 
the  resonant  peaks  here  are  all  double  moded.  The  double  lobes  are  due  to  the  existence  of 
modes  coupling  across  the  disk.  Measurements  of  the  filter  characteristics  of  the  waveguide 
coupled  disk  would  provide  a  diagnostic  for  determining  the  appropriate  disk  radius  for 


Figure  15:  Waveguide  coupled  microdisk  device,  (a)  device  schematic,  (b)  output  of  waveg¬ 
uide  2  with  broadband  input  to  waveguide  1. 


Because  the  microdisk  acts  as  a  filter,  it  can  be  considered  for  wavelength  division  mul¬ 
tiplexing  applications.  In  this  configuration  a  disk  radius  is  chosen  to  drop  a  specific  wave¬ 
length  from  one  waveguide  bus  to  another.  An  additional  possibility  is  to  couple  multi¬ 
ple  disks  to  a  single  waveguide.  This  configuration  could  provide  a  compact  amplification 
medium  for  Si:Er  laser  design.  This  type  of  amplification  section  can  greatly  reduce  the 
required  waveguide  length  for  net  gain  as  the  disk  modes  effectively  increase  the  path  length 
due  their  high  Qs. 

The  approach  we  have  taken  with  the  microdisks  allowed  us  to  understand  the  difficulties 
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of  testing  an  optically  active  material  with  small  active  volume.  The  conclusions  generated 
here  provide  a  more  complete  understanding  of  the  microdisk  system  for  future  iterations. 
Many  of  the  issues  of  the  waveguide  integrated  microdisk,  including  how  to  fabricate  and 
test  such  a  structure,  have  been  answered  by  our  work  with  PBG  microcavities.  The  results 
from  these  waveguide  integrated  structures  are  detailed  in  the  following  sections. 

4.3  Photonic  band  gap  fabrication  and  test 

Our  work  with  PBG  structures  covers  two  wavelength  regimes:  A  =  5.0/xm  and  A  =  1.54/xm. 
The  longer  wavelength  devices  have  dimensions  compatible  with  standard  optical  lithography 
and  are  produced  in  the  Integrated  Circuit  Laboratory  (ICL)  at  MIT.  Devices  with  band 
gaps  centered  at  A  =  1.54/:/m  have  minimum  feature  sizes  «0.10/:<m  and  require  the  use 
of  e-beam  and  x-ray  lithography  available  in  the  MIT  Nanostrucures  Laboratory  (NSL). 
The  testing  of  the  structures  was  performed  at  A  =  1.54/xm  as  a  waveguide  test  set-up  at 
this  wavelength  was  readily  available.  The  fabrication  and  test  results  from  the  5.0/um  and 
1.54//m  devices  are  presented  in  the  next  sections. 

4.3.1  Fabrication  of  PBG’s  for  A=5.0/tm 

We  fabricated  PBG  structures  for  use  at  5.0/im.  These  devices  consist  of  a  single  mode  Si 
waveguide  with  a  periodic  series  of  holes  etched  through  the  waveguide.  Fabrication  of  PBG 
structures  for  use  at  5.0/um  can  be  accomplished  using  standard  optical  photolithography. 
The  hole  radii  for  these  structures  are  approximately  1.0/jm  with  center-to-center  distances 
of  2.0fim  and  waveguide  widths  of  approximately  2.2)um.  The  predicted  band  gap  for  these 
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Figure  16:  PBG  structure  in  polySi  waveguide.  PBG  device  has  band  gap  centered  at 
A=5.0/im.  Hole  radius  is  l.Ojum.  waveguide  width  is  2.25idm,  hole  spacing  is  2.0iJ.m.  Device 
fabricated  using  optical  lithography. 

structures  is  20%  of  the  center  frequency  for  TE  modes.  The  silicon  thickness  for  single  mode 
operation  is  wdOOOA.  An  important  consideration  for  these  structures  is  the  buried  oxide 
thickness.  A  thick  oxide  is  always  desired  to  keep  losses  due  to  leakage  to  the  underlying 
silicon  low.  At  A  =  5.0^m  the  required  oxide  thickness  to  keep  losses  limited  to  IdB/cm  is 
.3.0/im. 

Because  of  the  thick  oxide  and  thin  silicon  layer  needed  for  these  devices,  we  chose  to 
used  deposited  oxide  and  polySi  as  starting  materials.  An  optically  generated  mask  was 
used  to  pattern  the  substrates.  The  minimum  feature  size  of  the  structure  is  O.SO^m,  which 
represents  the  limit  of  the  exposure  source,  a  408nm  mercury  lamp.  The  polySi  is  etched  in 
an  SFe  plasma.  The  results  of  the  processing  are  shown  in  Figure  16. 

We  fabricated  a  number  of  waveguides  on  a  single  sample,  varying  only  the  number  of 
holes  in  each  guide.  No  microcavity  structures  were  included  on  this  mask.  The  theoretical 
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band  gap  for  this  structure  spans  from  d.Syitm  to  5.2^m.  At  this  point  we  don’t  have  a  source 
which  can  span  this  wavelength  range,  and  the  optics  for  coupling  into  small  structures  at 
these  wavelengths  are  not  widely  available.  We  proceeded  to  probe  these  structures  with 
1.54/Lfm  excitation  and  the  results  follow. 

4.3.2  Testing  of  A  =  S.O^m  PBG  structures 

We  used  an  existing  waveguide  test  set-up  to  evaluate  the  A  =  5.0//m  PBG  devices.  The  test 
bench  is  shown  in  Figure  17.  The  source  in  this  set-up  is  a  A  =  l.bAjim  superluminescent 
diode.  The  diode  is  coupled  into  a  single  mode  fiber  with  a  conical  tip,  which  is  used  to  butt- 
couple  into  a  polished  waveguide  facet.  The  fiber  tip  is  mounted  on  a  three  axis  translation 
stage  with  piezo-electric  position  control.  The  sample  mount  also  has  three  axis  translation 
as  well  as  three  axis  rotation.  Light  exiting  the  waveguide  can  be  imaged  onto  a  camera  or 
photodetector.  Additionally,  light  scattered  from  the  surface  of  the  waveguide  can  be  imaged 
and  detected. 


Sample  mount 
translation 


Figure  17:  Waveguide  test  bench  for  A  =  1.55/.tm  testing. 

At  A  =  1.54/.im  the  PBG  structures  are  expected  to  radiate  this  wavelength.  The 

radiation  occurs  due  to  the  periodicity  of  the  PBG  structure.  The  periodicity  essentially 
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folds  the  guided  modes  of  the  waveguide  into  the  radiation  modes  (similar  to  band  folding  in 
semiconductor  systems).  The  PEG  structure  can  then  act  as  an  input  and  output  coupler  for 
the  waveguide.  This  PEG  coupler  is  similar  to  a  grating  coupler,  however  the  PEG  coupler  is 
much  more  compact  (S.O^m  compared  to  200/im).  The  PEG  coupler  differs  from  the  grating 
coupler  in  that  the  output  is  not  angularly  dependent.  We  have  been  able  to  couple  into 
and  out  of  the  PEG  holes  .  Figure  18  shows  the  PEG  acting  as  an  output  coupler.  Light  is 
incident  on  the  waveguide  from  the  left  (the  large  splotch  of  light  is  a  reflection  back  onto 
the  fiber  tip).  This  light  propagates  down  the  waveguide  to  the  PEG  structure.  Eecause  the 
waveguide  is  composed  of  polySi  deposited  at  625°C  with  no  CMP,  the  surface  is  rough  and 
the  scattered  light  from  the  roughness  is  evident  down  the  length  of  the  guide.  At  the  PEG 
section  (4  holes  in  this  case)  a  large  bright  spot  is  seen.  This  intense  .spot  is  the  output  light 
from  the  PEG  structure.  We  have  also  performed  the  reverse  operation.  The  optical  fiber 
was  aligned  to  the  holes  in  the  waveguide  and  light  coupled  into  the  waveguide  mode  was 
detected  at  the  waveguide  output. 

The  output  coupled  j^ower  as  a  function  of  the  number  of  holes  is  plotted  in  Figure  19.  It 
can  be  seen  that  the  effect  saturates  with  only  4  holes;  adding  more  holes  does  not  improve 
the  output  coupling,  giving  evidence  that  the  PEG  works  on  small  length  scales  and  requires 
only  a  few  periods  for  operation. 

The  A  =  S.O^m  PEG  work  is  continuing  and  a  test  bench  for  evaluating  these  structures 
at  A  =  o.O/^tm  is  under  construction.  The  testing  at  A  =  1.54/im  is  much  easier,  however 
the  processing  of  devices  for  this  wavelength  range  required  considerable  development.  The 
results  of  this  development  are  discus.sed  in  the  next  section. 
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Fiber  input 


PBG  waveguide 


Figure  18:  Scattered  light  and  light  output  from  a  5.0/im  PBG  structure.  Input  light  is  at 
A  =  1.54/iin.  The  light  is  incident  from  the  left. 


Output  Power  vs.  Number  of  Waveguide  Holes 


Figure  19:  Scattered  A=1.54^m  light  measured  from  a  PBG  structure  with  band  gap  at 
5.0/im  as  a  function  of  the  number  of  holes  in  the  PBG  structure. 


4.3.3  Fabrication  of  PBG’s  for  A=1.54/iin 


The  dimensions  of  PBG  devices  scale  with  the  wavelength.  Moving  from  b.Ofim  to  IM^m 
reduces  the  minimum  feature  size  to  O.lO^m.  This  dimension  is  not  resolvable  with  stan¬ 
dard  optical  lithography.  Either  direct  write  e-beam  or  x-ray  lithography  is  necessary  to 
accurately  pattern  PBG  devices  compatible  with  Si:Er.  We  chose  to  use  x-ray  lithography 
because  many  processing  runs  could  be  completed  with  a  single  mask.  The  ability  to  run 
multiple  runs  is  important  as  e-beam  writing  times  for  the  devices  are  long  (typically  an 
entire  day).  We  performed  the  x-ray  processing  in  the  Nano-Structures  Laboratory  (NSL) 
of  Prof.  H.  I.  Smith  at  MIT.  Much  of  the  processing  reported  here  directly  stems  from  work 
developed  in  the  NSL. 

The  first  step  in  x-ray  lithography  is  the  creation  of  an  x-ray  mask.  The  completed  mask 
consists  of  a  thin  silicon  nitride  membrane  (typically  3.0/xm  thick)  supported  by  a  pyrex 
ring.  The  mask  pattern  is  defined  by  600 A  gold  on  the  silicon  nitride.  The  gold  provides 
about  lOdB  of  absorption  for  incident  x-rays. 

The  mask  pattern  definition  requires  a  direct  write  e-beam  onto  the  membrane  followed  by 
an  electroplating  step.  The  e-beam  generates  the  pattern  in  PMMA  that  has  been  spun  onto 
the  membrane  (the  PMMA  thickness  is  typically  2500A).  The  PMMA  is  then  developed. 
The  resulting  features  are  then  filled  with  600A  of  gold  by  electroplating.  A  thin  layer  of 
metallization  on  the  silicon  nitride  provides  the  contact  for  the  electroplating,  but  does  not 
appreciably  attenuate  the  x-ray  signal. 

There  are  several  e-beam  writing  related  considerations  that  can  affect  device  perfor¬ 
mance.  These  include  choosing  a  field  size  and  controlling  pattern  stitching.  The  mask 
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pattern  is  broken  into  small  fields  which  the  e-beam  system  writes  without  translating  the 
sample  stage.  This  field  size  determines  the  actual  spot  size  of  the  e-beam  and  impacts 
the  available  resolution  for  pattern  definition.  We  typically  choose  the  field  size  so  that  the 
period  of  the  PBG  structure  is  an  integer  number  of  e-beam  pixels  (or  spot  sizes).  Choosing 
the  field  size  in  this  manner  allows  accurate  control  of  this  critical  parameter.  For  the  devices 
we  are  considering,  field  sizes  of  ssl25^m  are  used,  resulting  in  pixel  sizes  of  siT.Onm. 

Because  the  field  size  is  smaller  than  the  ultimate  waveguide  length  (typically  2.0mm),  the 
sample  stage  must  be  translated  a  number  of  times  in  order  to  write  a  complete  waveguide. 
The  translation  of  the  sample  stage  can  result  in  misalignment  between  adjacent  fields.  This 
shift  between  fields  is  known  as  a  field  stitching  error.  While  the  affects  of  field  stitching 
errors  on  device  performance  are  not  known,  we  took  measures  to  avoid  them  as  much  as 
possible.  This  requires  control  of  the  translation  system  as  well  as  stability  of  the  e-beam 
column. 

The  e-beam  written  mask  is  the  wrong  polarity  for  pattern  transfer  to  a  substrate.  This 
mask  acts  as  a  "mother"  and  is  used  to  produce  "daughter"  masks  used  in  the  substrate 
patterning.  Using  this  approach  always  allows  a  copy  to  be  made  without  needing  to  perform 
an  additional  e-beam  writing  step.  The  delicacy  of  the  silicon  nitride  membranes  make  them 
susceptible  to  breakage  and  retaining  the  mother  mask  is  crucial  to  avoid  processing  delays. 

The  daughter  mask  is  made  by  bringing  the  mother  mask  into  close  proximity  to  an  x-ray 
mask  blank.  The  spacing  between  the  masks  is  typically  maintained  at  3.0/^tm  by  A1  studs 
which  are  evaporated  onto  the  daughter  mask.  PMMA  on  the  daughter  mask  is  exposed 
to  x-ray  radiation  through  the  mother  mask  and  the  pattern  is  transferred.  The  daughter 
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mask  is  then  developed  and  electroplated  to  form  the  correct  polarity  mask  for  transfer  to  a 
substrate. 

Transfer  of  the  pattern  to  the  substrate  is  similar  to  the  daughtering  process.  The  sample, 
coated  with  PMMA,  is  brought  into  proximity  with  the  daughter  mask  and  exposed  with 
x-rays.  The  typical  exposure  times  are  5-7hours.  This  rather  long  exposure  time  is  a  result  of 
the  limited  sensitivity  of  the  PMMA  to  the  x-ray  radiation.  The  PMMA  as  then  developed 
and  a  thin  layer,  «500A,  of  Cr  is  e-beam  evaporated  onto  the  sample.  Lift-off  of  the  Cr  is 
performed  by  soaking  the  sample  in  acetone  and  dissolving  the  PMMA.  The  result  is  a  Cr 
mask  directly  on  the  substrate.  The  lift-off  process  is  used  as  the  PMMA  can  not  stand  up 
to  the  subsequent  plasma  etching. 

Two  etch  steps  are  performed  on  the  SOI  substrates.  The  first  etch  is  a  plasma  of  CF4 
with  15%02  silicon  etch.  The  top  layer  of  Si  is  completely  etched  through;  this  step  typically 
takes  about  12minutes.  The  next  step  is  an  etch  into  0.30/.tm  of  the  underlying  oxide.  CHF3 
is  used  for  this  etch  step.  Following  the  etching,  the  Cr  is  removed  with  a  wet  etch.  The 
sample  is  then  diced  with  a  die  saw  and  polished  in  preparation  for  testing.  A  typical 
result  from  the  processing  is  shown  in  Figure  19.  This  particular  structure  was  processed  in 
Unibond  SOI  material.  The  top  Si  layer  is  0.20/im  and  the  underlying  Si02  is  1.0/xm  thick. 

Each  waveguide  on  the  mask  has  input  and  output  flares  used  to  improve  input  and 
output  coupling  to  these  submicron  waveguides.  The  flares  widen  the  waveguide  to  5.0//m 
at  the  input  and  output.  The  structures  on  a  single  die  include  10  straight  waveguides  for 
references.  PEG  structures  with  no  microcavities.  PEG  structures  with  cavities,  and  PEG 
coupling  structures.  For  the  PEG  structures  without  microcavities,  the  number  of  holes  in 
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Figure  20:  PBG  microcavity  for  A=1.54^m.  Device  processed  using  x-ray  lithography.  Hole 
diameter  is  0.30/im,  waveguide  width  is  0.50//m,  and  hole  spacing  is  0.48/um. 

the  waveguide  is  varied  from  two  to  six.  The  microcavity  resonance  position  is  varied  by 
changing  the  length  of  the  ’’defect”  in  the  PBG  structure  (the  distance  between  the  two  sets 
of  four  holes  shown  in  Figure  19).  The  coupling  structures  are  PBG  devices  with  every-other 
hole  removed.  This  essentially  folds  the  Brillouin  zone  for  the  PBG  device  and  couples  a 
guided  mode  into  radiation  modes. 

To  assess  the  operation  of  the  PBG  structures,  we  needed  to  perform  spectroscopy  on 
the  devices.  The  next  section  details  our  work  on  experimentally  assessing  the  function  of 
the  PBG  waveguides. 

4.3.4  Characterization  of  PBG’s  at  A=1.54pm 

The  calculated  transmission  of  the  A=1.54/,mi  PBG  structure  is  shown  in  Figure  20.  We  use 


Figure  21:  Calculated  transmission  for  the  1-D  PBG  structure  with  resonance  designed  for 
A=1.54^m. 

coupling  approaches  similar  to  that  of  the  A=5.0/Lim  PBG  testing  in  order  to  evaluate  the 
operation  of  the  A=1.54^m  PBG  devices.  To  look  at  the  spectrally  dependent  features  of 
the  devices,  we  use  a  broadband  Er-doped  fiber  laser  (EFL)  made  available  to  us  by  Prof. 
Erich  Ippen.  This  laser  has  a  usable  bandwidth  of  approximately  80nm.  This  source  was 
coupled  into  a  waveguide  and  the  spectrum  at  the  output  of  the  waveguide  was  measured 
using  an  optical  spectrum  analyzer.  Figure  21  shows  the  spectrum  of  the  EFL. 

To  evaluate  the  repeatability  of  the  measurements,  we  performed  spectroscopy  on  Uni¬ 
bond  waveguides  of  widths  ranging  from  8.0/um  down  to  1.0/:mi.  Several  measurements  were 
performed  on  a  single  waveguide  in  order  to  evaluate  repeatability  and  sensitivity  to  small 
changes  in  alignment.  Figure  22  shows  three  measurements  of  the  same  l.O^m  waveguide. 
The  data  here  has  been  normalized  to  the  spectrum  of  the  Er-doped  fiber  laser  and  as  well 
has  been  normalized  so  that  the  peak  of  the  transmission  is  1.0.  The  repeatability  was  found 
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Wavelength  (nm) 

Figure  22:  Spectrum  of  the  Er-doped  fiber  laser  used  for  PEG  device  evaluation  at  A  = 
1.54^m. 

to  be  quite  good  (less  than  3 

The  PEG  waveguides  had  too  little  signal  at  the  output  for  spectroscopy  to  be  performed. 
The  high  loss  of  these  waveguides  is  attributed  to  sidewall  roughness  as  demonstrated  in  the 
section  on  fabrication  induced  loss  presented  earlier.  In  order  to  be  able  to  measure  the 
bandgap  and  resonance  in  the  waveguide  integrated  PEG,  we  estimate  that  we  need  a  factor 
of  ten  improvement  in  signal  to  noise  ratio.  This  can  be  achieved  by  improving  the  coupling 
of  the  EFL  to  the  fiber  that  transports  the  light  to  the  waveguide.  The  EFL  was  measured 
to  have  40mW  total  power.  The  power  measured  at  the  waveguide  was  only  ImW.  It  should 
be  possible  to  couple  50%  of  the  available  power  into  the  fiber  optic  and  this  will  provide  the 
additional  signal  required.  The  actual  cavity  length  is  small,  so  sidewall  roughness  should 
not  adversely  affect  the  resonance  properties  even  if  the  waveguide  is  quite  lossy. 
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Transmission  thru  l.Omicron  wide  waveguide 


Figure  23:  Normalized  transmission  as  a  function  of  wavelength  for  0.2xl.0/um  Unibond 
waveguide. 

4.3.5  PBG  microcavity  analysis  and  conclusions 

We  have  successfully  fabricated  1-D  PBG  structures  at  both  5.0  and  l.bAixm.  A  test  facility 
for  the  1.54/xm  devices  has  been  established  and  preliminary  spectroscopy  measurements  at 
these  wavelengths  have  been  performed.  There  are  some  concerns  regarding  whether  we  can 
overlap  the  available  spectrum  of  the  EFL  with  the  resonant  mode  in  the  PBG  microcavity. 
To  this  end,  we  have  tried  to  include  a  number  of  ’’tuned”  structures  on  the  x-ray  mask  to 
ensure  that  we  will  find  an  appropriate  device.  The  resonance  frequency  can  be  tuned  either 
by  changing  the  microcavity  dimensions  (the  longer  the  cavity  is,  the  longer  the  wavelength 
of  the  resonance)  or  by  scaling  the  dimensions  of  the  entire  PBG  structure.  In  our  case,  we 
opted  to  change  the  microcavity  length. 

The  performance  of  the  PBG  microcavity  is  critically  dependent  on  dimensions  and  is 
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especially  dependent  on  the  waveguide  thickness.  For  example,  a  10%  variation  in  thickness, 
keeping  all  other  parameters  the  same,  will  cause  the  resonance  to  shift  by  lOOnm  and  will 
limit  the  transmission  on  resonance  to  65 
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Figure  24:  Effect  of  transmission  on  thickness  variation.  Resonance  peak  is  shifted  to  longer 
wavelengths. 

The  1-D  PEG  structures  are  particularly  susceptible  to  radiation  loss.  The  effective  index 
of  the  waveguide  with  the  holes  etched  is  substantially  lower  than  that  of  an  unpatterned 
waveguide.  The  lowered  effective  index  allows  the  mode  to  spread  outside  of  the  waveguide 
considerably.  The  spread  can  result  in  the  loss  of  the  resonant  mode  to  the  SOI  substrate. 
The  tendency  for  these  structures  to  scatter  can  be  seen  from  the  band  structure  of  the  device 
shown  in  Figure  24.  The  separation  between  guided  modes  and  radiation  modes  is  shown 
by  the  hatched  line.  The  band  gap  occurs  between  the  first  two  guided  modes.  Because 
these  modes  are  quite  high  in  the  Brillouin  zone,  the  modes  are  close  to  the  radiation  modes. 
In  order  to  reduce  the  coupling  to  radiation  modes,  it  is  necessary  to  increase  the  effective 
index  in  the  PBG  section.  This  is  most  easily  accomplished  by  decreasing  the  hole  radius. 
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Figure  25:  Band  structure  of  1-D  PBG  structure. 

4.4  Alternative  light  emission  schemes 

All  of  the  data  in  this  report  centered  on  using  crystalline  Si  which  has  been  implanted  with 
Er.  While  this  materials  system  has  its  advantages,  there  are  several  limitations  that  can  be 
overcome  by  looking  at  alternative  Si:Er  technologies.  Work  in  our  laboratory  has  centered 
on  the  development  of  UHV-CVD  grown  Si  and  SiGe  doped  with  Er  and  on  Er-implanted 
polySi.  The  UHV-CVD  work  is  a  path  to  higher  concentrations  of  optically  active  Er  in  Si. 
The  polySi  work  allows  the  consideration  of  vertically  integrated  microcavities  for  evaluating 
spontaneous  emission  enhancement  effects. 

The  UHV-CVD  growth  is  performed  in  a  reactor  developed  by  the  Kimerling  Group 
at  MIT.  This  growth  chamber  has  been  successful  in  depositing  Si  layers  with  as  much  as 
lO^^cm"^  Er.  Selection  of  the  Er  precursor  allows  engineering  of  the  ligand  field  surrounding 
the  Er.  To  date  the  best  results  achieved  from  Si:Er  from  UHV-CVD  are  from  material  with 
10^®cm“^  Er  using  an  oxygen  containing  precursor.  The  photoluminescence  spectrum  from 
this  material  is  shown  in  Figure  25.  The  UHV-CVD  material  luminescence  is  comparable  to 
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that  of  the  best  implanted  material,  indicating  that  not  all  of  the  incorporated  Er  is  optically 
active. 


Figure  26:  Photoluminescence  spectrum  of  the  UHV-CVD  grown  Si:Er  at  4K  (solid  line) 
compared  to  implanted  Si:Er  (dashed  line). 

PolySi  heavily  doped  with  Er  and  O  has  been  shown  to  emit  strongly  at  1.54/im.  We 
are  interested  in  determining  whether  we  could  see  similar  low  temperature  response  from 
doped  polySi  that  we  see  from  crystalline  Si.  If  the  quenching  mechanism  is  similar,  we 
can  use  the  polySi  in  microcavity  devices  and  determine  the  effects  of  spontaneous  emission 
enhancement  in  this  material.  We  are  currently  measuring  the  dependence  of  the  emission 
from  this  material  as  a  function  of  annealing  conditions  following  the  implantation.  Figure 
26  shows  the  results  of  a  48hr  anneal  at  600°C  followed  by  a  900® C  rapid  thermal  anneal 
for  15s.  The  PL  spectrum  does  not  show  the  characteristic  .  arp  line  luminescence  of  Si:Er, 
therefore  the  microcavity  dimensional  tolerances  are  somewhat  less  constraining.  Further 
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work  will  be  done  to  optimize  the  performance  of  this  materiaL 


5  Conclusion 

We  have  demonstrated  the  development  of  two  types  of  silicon-based  microcavities  for  the 
control  of  spontaneous  emission  from  Si:Er.  The  development  of  these  microcavity  devices 
has  uncovered  challenges  for  both  materials  and  design.  This  summary  section  reviews  the 
challenges  and  the  solutions  we  have  developed  to  meet  the  challenges. 

The  devices  we  have  been  discussing  rely  on  SOI  substrates.  Of  the  available  substrate 
technologies,  only  Unibond  wafers  are  capable  of  meeting  the  stringent  dimensional  require¬ 
ments  for  our  microcavity  devices,  and  none  of  the  technologies  are  suitable  for  vertically 
integrated  structures.  We  developed  polycrystalline  Si  as  an  alternative  SOI  materials  sys¬ 
tem.  Optical  losses  at  A=1.54//m  in  polySi  were  initially  measured  to  be  75dB/cm,  and  we 


have  reduced  them  to  15dB/cm.  PolySi  is  a  useful  tool  for  prototyping  as  a  large  range  of 
polySi  and  Si02  thicknesses  are  acheivable;  polySi  is  available  in  most  IC  processing  lines; 
and  the  layers  are  deposited,  which  allows  the  development  of  multilayer  structures. 

The  large  refractive  index  difference  between  silicon  and  air  makes  edge  roughness  a 
critical  limitation  to  low  loss  transmission.  Measurements  of  losses  in  crystalline  Si  strip 
waveguides  as  a  function  of  strip  width  show  that  losses  can  be  as  high  as  20dB/cm  with 
waveguides  l.O/iim  wide.  Calculations  of  the  loss  due  to  edge  roughness  show  that  this  loss 
increases  dramatically  for  waveguides  with  widths  smaller  than  l.Ojum.  These  measurements 
show  that,  for  devices  coupled  to  single  mode  silicon  waveguides,  control  of  the  etched  walls 
is  critical. 

Microdisk  microcavities  were  fabricated  and  evaluated  using  photoluminescence  and 
cathodoluminescence  testing.  The  PL  testing  was  unable  to  detect  any  Si;Er  signal.  This 
result  was  correlated  to  the  small  active  volume  of  the  microdisks.  CL  testing  allowed  map¬ 
ping  of  the  1.54//m  emission  from  a  single  disk.  An  assessment  of  the  fabrication  tolerances 
of  the  microdisks  shows  that  control  of  the  radius  and  thickness  are  critical  to  the  overlap 
of  the  resonant  cavity  mode  with  the  peak  of  the  Si:Er  emission.  To  overcome  this  obstacle, 
it  is  proposed  that  microdisks  be  coupled  to  external  waveguides  in  order  to  evaluate  the 
mode  positions  before  performing  luminesence  testing.  The  waveguide  coupled  microdisk 
configuration  provides  not  only  a  predictive  method  of  establishing  mode  position,  but  also 
a  filter  or  coupler  configuration  for  wavelength  division  multiplexing  systems. 

PBG  devices  were  designed  and  fabricated  for  band  gaps  centered  at  A=5.0pm  and 
A=1.54/im.  The  devices  were  evaluated  at  A=1.54^im.  The  5.0/um  devices  were  fabricated 
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using  standard  optical  lithography  techniques  and  had  a  minimum  feature  size  of  0.5/im. 
The  devices,  consisting  of  a  series  of  periodic  holes  etched  through  a  polySi  waveguide  were 
operated  as  input  and  output  couplers  at  A=1.54/im.  These  couplers  are  similar  to  grating 
couplers,  but  require  only  10/im  lengths  as  opposed  to  250^m  lengths  for  grating  couplers. 
This  shortened  length  relaxes  constraints  on  pattern  coherence  and  reduces  the  real  estate 
required  for  the  integrated  device.  Testing  shows  that  only  four  PBG  holes  are  required 
before  the  effect  saturates,  giving  evidence  that  length  scale  required  for  acheiving  PBG 
properties  is  small. 

For  PBG  devices  with  a  band  gap  at  A=1.54/im  the  minimum  structural  feature  size  is 
0. 10/im.  To  acheive  this  small  dimension,  we  used  a  combination  of  e-beam  and  x-ray  lithog¬ 
raphy  for  pattern  transfer.  This  combination  allowed  us  to  fabricate  0.55^m  wide  waveguides 
with  0.30/im  diameter  holes  etched  through  them.  Calculations  of  the  transmission  through 
a  resonant  cavity  consisting  of  two  sets  of  three  holes  separated  by  a  quarter  of  the  hole 
period  show  85%  transmission  on  resonance.  This  resonant  wavelength  depends  critically 
on  the  structure  dimensions,  and  the  use  of  e-beam  and  x-ray  lithography  allow  excellent 
control  of  the  device  features.  The  critical  structural  parameter  was  found  to  be  the  device 
thickness.  If  the  thickness  varies  10%  from  the  design  thickness,  the  resonance  shifts  50nm. 

To  test  the  PBG  devices  at  1.54//m  we  developed  an  experimental  set-up  using  an  erbium- 
doped  fiber  laser  with  an  optical  spectrum  analyzer.  The  erbium-doped  fiber  laser  has  a 
usable  spectrum  from  1520  to  lOOOnm.  To  evaluate  the  set-up  we  coupled  the  light  from 
the  laser  into  a  1.0/im  crystalline  Si  waveguide  and  measured  the  output  spectrum.  The 
measurement  was  found  to  be  repeatible  with  an  approximately  3%  variation  between  scans. 
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Evaluation  of  the  PBG  waveguides  was  not  possible  as  the  signal  to  noise  ratio  at  the  output 
of  these  narrow  waveguides  did  not  provide  a  measurable  signal.  It  is  estimated  that  an 
additional  factor  of  10  in  signal  to  noise  ratio  will  be  necessary  to  perform  the  measurements. 
This  factor  of  10  may  be  acheived  by  improving  the  coupling  of  the  erbium-doped  fiber  laser 
to  the  waveguide,  and  by  expanding  the  mode  at  the  input  of  the  waveguide  in  order  to 
match  the  fiber  mode  more  effectively. 

The  ability  to  test  the  effects  of  spontaneous  emission  in  the  microcavity  devices  is  limited 
by  the  light  output  of  the  Si:Er  material.  Additionally,  the  narrow  linewidth  of  the  Si:Er 
luminescence  reduces  the  tolerance  to  design  and  fabrication  imperfections  when  compared 
to  large  gain  bandwidth  systems.  To  address  these  issues  we  are  pursuing  UHV-CVD  grown 
Si:Er  and  polySi  and  amorphous  Si  implanted  with  Er.  The  UHV-CVD  technique  has 
provided  samples  with  metastable  incorporation  of  Er  at  concentrations  of  two  orders  of 
magnitude  greater  than  implantation.  Implantation  into  polySi  and  amorphous  Si  have  been 
performed  and  the  spectrum  from  these  materials  was  found  to  be  much  broader  than  for 
implanted  single  crystal  Si  due  to  inhomogeneous  broadening.  These  noncrystalline  materials 
are  expected  to  ease  the  dimensional  constraints  on  the  microcavity  devices. 

The  research  performed  in  this  program,  while  primarily  concerned  with  the  development 
of  microcavity  devices  in  silicon,  has  opened  areas  of  research  which  will  allow  the  miniatur¬ 
ization  of  optical  components  in  a  materials  system  compatible  with  standard  IC  processing. 
Both  the  microdisk  and  PBG  cavities,  when  coupled  to  waveguides,  can  act  as  filters,  signal 
routers,  and  possibly  compact  gain  sections  for  integrated  laser  devices.  The  use  of  a  high 
index  difference  system  such  as  Si/Si02  allows  the  reduction  of  waveguide  dimensions  to  the 
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sub-micron  range,  and  the  associated  optical  componenents  to  square  micron  areas  instead 
of  square  millimeter  areas.  The  reduction  in  size  allows  higher  densities  of  components  to  be 
integrated  onto  a  single  die.  The  device  dimensions  we  are  working  with  are  more  similar  to 
those  of  integrated  circuits  in  Si  than  to  optical  components  in  III-V,  doped  silica  or  other 
waveguiding  systems,  and  may  finally  lead  to  an  integrated  optics  technology  that  is  not 
limited  by  yield  or  the  reduced  functionality  of  large  devices. 
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